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The free availability of online software to undertake molecular evolutionary analysis coupled with the free availability of 
large amounts of sequence data has made the analysis of the spread of antibiotic resistance determinants amenable in an 
educational context. Software such as ACT (Artemis Comparison Tool) [1] can be utilised to extract useful evolutionary 
information from sequence databases with a focus on the dissemination of antibiotic resistance determinants. The utility of 
this resource is illustrated here using the SXT/R391 family of Integrating Conjugative Elements (ICE). These ICE’s 
contain multiple antibiotic resistance determinants [2]. Using a stepwise tutorial with ACT, the elements are examined 
showing the utility of this software for such analysis in an evolutionary context. These examples are aimed at 
demonstrating the utility of the software for undergraduate and early postgraduate students. 
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1. Introduction 
ACT (Artemis Comparison Tool) is a DNA sequence comparison viewer based on Artemis, and in common with 
Artemis, ACT is written in Java and runs on UNIX, GNU/Linux, Macintosh and MS Windows systems [1]. The 
program can read complete EMBL and GENBANK entries or sequences in FASTA or raw format. Extra sequence 
features can be read in EMBL, GENBANK or GFF (General Feature Format) format. With 40080 genomes completed 
as of April 2015 (eukaryotes, prokaryotes and viruses), ACT is becoming an increasingly useful tool in this post-
genomic age (630 separate cites for the original ACT paper in the Web of Knowledge database April 2005-April 2015). 
This tool can be used to compare genomes in order to help with annotation of genomes and to identify areas of 
Horizontal Gene Transfer, genomic rearrangement and insertions of Mobile Genetic Elements (MGE’s) such as 
transposons, genomic islands or Integrating Conjugative Elements (ICE’s) between two (or more) sequenced genomes 
[3]. The tool can also be used to track the evolution of MGE’s such as ICE’s, Genomic Islands or plasmids [2, 4, 5, 6]. 
ICE’s are a class of diverse mobile elements that are characterised by their ability to mediate their own integration, 
excision and transfer from one host genome to another genome [4, 7]. ICE’s have been well documented to contribute 
to the spread of antibiotic resistance determinants amongst both gram positive and gram negative organisms and for this 
reason; the examination of these determinants is of particular interest [4]. 
2. Step 1: Identifying Sequence information  
Typically a scientist would utilise a favourite web browser to identify and download the genome sequences one wished 
to compare from an international database such as GenBank [8], EMBL-bank [9] or DDBJ [10]. 
To demonstrate the applicability of the software a comparison of fourteen ICE genomes from the SXT/ R391 family 
will be utilised in this example, see Table 1. The following steps are based on the usage of the ACT program in 
Windows 7 Professional. 
2.1   Step 1.1: Genbank 
Genbank (http://www.ncbi.nlm.nih.gov/Genbank/) is the National Institute of Health (NIH) genetic sequence database 
that contains all publicly available DNA sequences. Sequences form this database can be downloaded and used with 
ACT. Each sequence has an Accession number which is a unique identification number for that particular sequence; see 
Table 1 for accession numbers utilised in this study. Download these sequences in FASTA and GENBANK format as 
.fa and .gb files respectively. Save these files in a folder marked ACT in the work area of the computer. 
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Table 1: Identified accessory genes of a selection of ICESXT/R391 family members with complete genome sequence available. 
Element Strain Accessory Genes/Reported Functions Acc. No. % 
GC 
Size 
(kb) Ref 
ICE R391 Providencia 
rettgeri 
Kmr, Hgr, DNA repair genes, sulphate transporter, toxin-
antitoxin system, ATP-dependent Lon protease  
AY090559 46 89 11 
ICE SXT 
(MO10) 
Vibrio cholerae 
O139 MO10 
Cmr, Sur, Tmr, Smr, DNA repair genes, toxin-antitoxin 
system, ATP-dependent Lon protease, histidine kinase, 
diguanylate cyclase, deoxycytidine triphosphate deaminase  
AY055428 47 99 12 
ICESpuPO1 Shewanella 
putrefaciens W3-
18-1 
Cur, Zn/Co/Cd RND efflux pump, DNA repair genes, 
restriction modification system 
CP000503 48.4 111 13 
ICEPdaSpa1 Photobacterium 
damselae 
subsp. piscicida 
PC554.2 
Tcr, heat-shock protein (dnaK), AAA ATPase, toxin-
antitoxin system, ATP-dependent Lon protease  
AJ870986 
 
46.3 103 14 
ICEPmiUSA1 
 
Proteus mirabilis 
strain HI4320 
ATP-dependent helicase, DNA repair proteins, toxin-
antitoxin system 
AM942759 
 
46.8 81 15 
ICEPalBan1 Providencia 
alcalifaciens  
Cmr, Smr, Sur, Tmr, toxin-antitoxin system, phenazine 
biosynthesis protein, lysine exporter, glyoxalase resistance, 
restriction modification system 
GQ463139 
 
47.1 97 15 
ICEVchBan5 Vibrio cholerae 
O1  
Cmr, Smr, Sur, Tmr, glyoxalase resistance, toxin-antitoxin 
system 
GQ463140 
 
47.3 102 15 
ICEVchBan8 Vibrio cholerae  
O37 strain MZ03 
Toxin-antitoxin system, toxin coregulated pilus, acriflavine 
resistance  
JQ345361 
 
41.8 103 15 
ICEVchBan9 Vibrio cholerae 
MJ-1236  
Cmr, Smr, Sur, Tmr, Tcr, ATP-dependent Lon protease, 
glyoxalase resistance, toxin-antitoxin system, Co/Zn/Cd 
resistance protein 
CP001485 
 
48 108 15 
ICEVchHai1 
 
Vibrio cholerae 
VC1786 
Tmr, Sur, Smr, glyoxalase resistance, toxin-antitoxin system JN648379 
 
46.7 98 16 
ICEVchMex1 Vibrio cholerae  
non O1-0139  
Fic family protein, diguanylate cyclase, restriction 
modification system, toxin-antitoxin system, histidine 
kinase, aminoglycoside resistance, acetyltransferase  
GQ463143 46.7 83 17 
ICEVchInd4 Vibrio cholerae 
0139  
Cmr, Smr, Sur, Toxin-antitoxin system, histidine kinase, 
diguanylate cyclase, ATP-dependent Lon protease 
GQ463141 
 
46.9 95 15 
ICEVchInd5 Vibrio cholerae 
O1  
Cmr, Smr, Sur, Tmr, glyoxalase resistance, toxin-antitoxin 
system 
GQ463142 
 
46.7 98 15 
ICEVflInd1 Vibrio fluvialis  Cmr, Smr, Sur, Tmr, toxin-antitoxin system, histidine kinase, 
diguanylate cyclase, restriction modification system, 
deoxycytidine triphosphate deaminase protein 
GQ463144 
 
47.6 114 15 
Kmr: Kanamycin resistance, Hgr: Mercury reistance, Sur: Sulfamethoxazole resistance, Tmr: Trimethoprim resistance, Smr: 
Streptomycin resistance, Cmr: Chloramphenicol resistance, CuR: Copper resistance, RND: Resistance Nodulation Cell Division, Tcr: 
Tetracycline resistance, Zn: Zinc, Co: Cobalt, Cd: Cadmium, AAA: ATPases Associated with diverse cellular activities. 
3. Step 2: Creating Comparison files 
To compare sequences through ACT a comparison file must first be created. This can be done in a number of ways each 
of which will be described.  
3.1   Step 2.1: BLAST 
A genome comparison file can be constructed using the BLAST computer programme 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Web&PAGE_TYPE=BlastHome) [18]. The Blast software must be 
downloaded and locally installed on a PC or Laptop. This procedure explained further in the following 
http://www.ncbi.nlm.nih.gov/guide/howto/run-blast-local/. 
 The output of BLAST version 2.2.2 or better can be used to create the comparison file. The blastall command must 
be run with the -m 8 flag, which generates one line of information per HSP (High-Scoring Segment Pairs). 
3.2   Step 2.2: DoubleACT 
DoubleACT (http://www.hpa-bioinfotools.org.uk/pise/double_act.html) was written by Anthony Underwood and 
Jonathan Green at the Health Protection Agency of the United Kingdom. This program allows one to paste or upload 
sequences in FASTA format to generate ACT comparison files. The use of this requires the input of an e-mail address. 
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Files must be compared in order that they can be inputted into ACT. All files must be compared in FASTA format. Files 
can be compared using BLASTn or tBLASTx. BLASTn compares nucleotide sequences on a nucleotide level, whereas 
tBLASTx translates the nucleotide sequence into protein sequences and compares the translated nucleotide sequences 
with protein sequences. To complete the program press ‘Run Genome Blast’. A new window will open with links to 
three files. Download the genome_blast.result file and save it as recognisable file name (e.g. ICEPalBan1-SXT, SXT-
R391 and R391- ICEPdaSpa1) in the ACT working folder in the work area of the computer. 
3.3   Step 2.3: WebACT 
WebACT (http://www.webact.org/) is a web-based implementation of the Artemis Comparison Tool (ACT) allowing 
display of up to five-way BLAST comparisons of sequences [19, 20]. On the homepage of WebACT click the 
‘Generate’ tab. The sequences can be Copied and Pasted into the input windows provided in fasta format; Accession 
Numbers can be given or fasta files can be directly uploaded (from the ACT folder in the order ICEPalBan1-SXT-
R391-ICEPdaSpa1). Files can be compared using BLASTn or tBLASTx as in DoubleACT. The program can then be 
run. An output page is generated which offers two options: To start ACT or to download the files. The download option, 
if selected, launches another window that allows one to name the file (the default name is ‘WebACT.zip’) and then 
download the results as a zip file. This zip file contains blast_outX files that can be used as comparison files. The ‘Start 
ACT’ option will be discussed in more detail later.  
4. Step 3: Using the Artemis Comparison Tool 
4.1   Step 3.1: Downloading and running the software 
To open the ACT software go to the Sanger Institute http://www.sanger.ac.uk/Software/ACT/ and select the 
‘Downloads’ tab, under ‘Java Web Start’ press the ‘Launch’ button. A file called ‘act_current.jnlp’ will download, open 
this file. A security warning box will launch, click the ‘I accept the risk and want to run this application’ box and press 
‘Run’ and the main program will begin to download. The program is approximately 8MB in size. The Java Web Start 
Program is necessary to run ACT.  
 This program is available at http://www.oracle.com/technetwork/java/javase/downloads/index.html and takes up 
approximately 28 MB of hard-drive space. Following download a ‘Set Working Directory’ box will pop up. Set the 
working to the folder you have set aside as the ACT working folder.  
4.2   Step 3.2: Opening ACT comparisons 
To begin work click on File > Open, a sequence file window opens. The ‘more files’ button must be hit twice (As many 
files as necessary can be added as long as comparisons are available). All files must then be uploaded in the order that 
comparisons were carried out. Upload the first Sequence file in Genbank format in file sequence following this upload 
the comparison File (the .result or .blast_out file from DoubleACT or WebACT) and then upload the second sequence 
file in Genbank format in file sequence followed again by the comparison file and repeat until finished. When this is 
complete run the comparison by pressing the ‘Apply’ button. A warning window will flash up on screen and press 
cancel. The output of the comparison will then follow and can be examined. Installation instructions are available here 
(ftp://ftp.sanger.ac.uk/pub4/resources/software/act/act.pdf) for Linux and MacOSX. 
4.3   Step 3.3: Opening ACT comparisons using WebACT  
To open ACT directly through WebACT follow the instructions in ‘Step 2.3: WebACT’ until the output page is 
generated and then select the ‘To start ACT’ option. This automatically opens up ACT. The software is useful as it can 
avoid the steps necessary in creating comparison files and uploading the files into ACT. However, the system has some 
drawbacks as it is limited to five comparisons and feature information on each of the sequences (Genes, etc.) is not 
available. The feature information can however be loaded into each genome sequence. Using the pull-down menu at the 
top of the main ACT Comparison window select File>(select genome)>Read an entry and select the .gb file for that 
genome that is saved in the ACT work folder. Feature information can also be deselected by right clicking on a genome, 
selecting ‘Entries’ in the window that appears, and clicking on the box next to the entry to be de-selected or by using the 
‘Entries’ tab in the pull down menu. 
4.4   Step 3.4: Overview of the ACT Comparison Window 
Following this a window (The Comparison View) similar to that seen in Figure 1 should appear. This window displays 
the regions of similarity between two (or more) sequences. Red blocks link similar regions of DNA with the intensity of 
the red being directly proportional to the level of similarity. Double clicking on a red block will centralise it. Blue 
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blocks link regions that are oriented in opposite directions. To ease viewing of inverted regions, right click on one of the 
genome windows and from the menu that appears check the box beside ‘Flip display’. 
 Some of the genome alignments are cluttered with a “spider’s web” of lines resulting from very short or artifactual 
BLAST hits. These can be removed from the display by right clicking on the comparison window and selecting ‘Set 
score cutoffs…’ from the resulting menu. A window with a slide bar will then appear: Slide the minimum cut-off bar up 
to improve the appearance of the display. The appropriate setting varies with the overall similarity of the genomes being 
compared but one that balances selectivity and sensitivity of the output should be selected. 
 ACT can be zoomed out to see whole-genome comparisons or zoomed down to DNA and/or protein sequences to 
examine fine-scale comparisons. This is done through a slide bar at the right hand side of The Comparison View. 
4.5   Step 3.5: Using ACT  
As can be seen in Figures 1 to 4, areas of difference between ICE genomes can easily be identified. For example, in 
Figure 1, a large area can be observed in the MGE ICEPalBan1, that is not present in the prototype ICE SXT. In Figure 
2, an insertion at approximately 4200bp (blue circle) in ICE SXT and ICEVchInd5 where the main antibiotic resistance 
cluster of SXT-like ICE’s is found can be easily identified. 
 These identified differences can be examined via several techniques. Individual features can be selected, then right –
clicked and from the menu that appears, go to ‘View’ and click on ‘Selected Feature’, a window will appear with 
information on this gene from the feature file (protein sequence, and information on what the function of the product 
may be). If no information is present the nucleotide or amino acid sequence of the gene/protein can be obtained by 
right–clicking the individual feature and from the menu that appears go to ‘View’ and click on ‘Bases of Selection as 
FASTA’ or ‘Amino Acids of Selection as FASTA’. A window will pop up with the gene/protein sequence in FASTA 
format that can be copied. This can then be used with other software such as BLASTn/BLASTp or InterPro Scan to help 
determine the function of the protein. 
 The entire area can also be selected along one of the genome bars (a yellow bar will appear over the selection) and 
the sequence of the entire area retrieved, as was the case of a single feature which can then be analysed with BLAST. 
 If whole genomes are compared and no noticeable differences are detected ACT can also be used to look for 
insertions such as transposons or Genomic islands, though the use of plotting techniques that are present in the ACT 
software. Select ‘Graph’ in the drop down menu and select the genome in question. Several types of graph are available 
including the GC content plot, the GC Deviation Plot and the Karlin Signature Distance Plot. The GC content plot is a 
graph of the average GC content of a moving window (default size 120 base), across the bases visible in the ACT 
Comparison window. The GC deviation plot shows the difference between the ‘G’ content of the forward and the 
reverse strands. The Karlin Signature Distance Plot shows the dinucleotide absolute relative abundance difference 
between the whole sequence and a sliding window. 
 
Fig. 1   Artemis Comparison Tool output of the genome comparisons of ICEPalBan1, ICE SXT, ICE R391 and ICEPdaSpa1. 
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4.6   Step 3.6: Publishing the Comparison  
Although one can print the ACT Comparison Window, to publish it one must save it in a graphics file format that is 
acceptable for high quality journal publication. Select File from the drop down menu in the ACT Comparison Window 
and select ‘Save as Image file’. A window will appear and in this window, a pull-down menu will allow one to save the 
Comparison view in several formats including png, gif, jpg and bmp. 
 
 
Fig. 2  ACT view of (top) ICE SXT to ICESXT/R391 core genome and (bottom) ICE R391 to ICESXT/R391 core genome. The ICE 
accessory genes are integrated into the ICESXT/R391 core genome at similar points except for one insertion at approximately 4200bp 
(blue circle) in ICE SXT where the main antibiotic resistance cluster of SXT-like ICEs is found. 
5. Discussion: The utility of ACT for the examination of ICE diversity 
ICE’s contribute to the spread of antibiotic resistance determinants amongst gram negative organisms and for this 
reason; the examination of these determinants is of particular interest. ICE’s have been sub grouped into families based 
on integrase similarity and specific integration site. Of the some 430 identified ICE’s, 340 have been assigned to a 
particular family. One of the largest known families is the SXT/R391 group with 74 assigned ICE’s [21]. All sequenced 
ICE SXT/R391 family members share a conserved set of core genes of around 47kb required for basic ICE functionality 
with the difference in sizes due to the inclusion of accessory genes into the core genome. ICE SXT-like family members 
have a resistance cluster that integrates into the rumB gene [see Figure 2] encoding resistance to chloramphenicol, 
sulfamethoxazole, trimethoprim, streptomycin and occasionally tetracycline [12]. Other encoded resistances included 
kanamycin and mercury for ICE R391, antiseptic acriflavine resistance for ICEVchBan8 and aminoglycoside resistance 
for ICEVchMex1 [11, 12, 15, 17].  
 It has previously been noted that accessory genes tend to integrate at similar regions in all sequenced ICE’s, 
indicating the presence of “hotspots” for mutation [15, 22]. 
 
ICE SXT 
 
 
 
 
 
 
 
 
 
 
 
 
ICESXT/R391 core 
 
 
 
 
 
 
 
ICE R391 
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Fig. 3  Artemis Comparison Tool (ACT) view of homology of ICEVflInd1 and ICEPmiUSA1 to the ICESXT/R391 core genome. 
ICEVflInd1 is the largest sequenced SXT/R391 family member at 114kb and ICEPmiUSA1 is the smallest at 81kb. Note the 3 core 
genes missing from ICEVflInd. The five main “hotspots” of variable (antibiotic resistance) gene insertion is evident in both ICE’s 
when compared to the core genome. Also noteworthy is the reverse order that ICEPmiUSA1 is integrated into its host genome. 
 ICE SXT/R391 family member contain five ‘hotspots’ into which accessory (non-core) genes integrated at specific 
locations within the core genome. These non-core genes, when they can be annotated, are usually antibiotic resistance 
determinants [see Table 1]. Using the Artemis Comparison Tool (ACT) (see Figures 1 to 4), these hotspots were 
confirmed as the main sites of accessory gene insertion into the ICE SXT/R391 core genome [15, 22]. In addition to the 
5 main ‘hotspots’, ACT comparisons identified four additional variable regions that are not considered true hotspots as 
they are not present in all genomes [15].  
 
Fig. 4  Artemis Comparison Tool (ACT) view of homology of ICEVchBan8 (top) and ICE R391 (bottom) to the ICESXT/R391 core 
genome. ICEVchBan8 is an unusual member of the SXT/R391 family as it does not contain a homolog to two of the ICESXT/R391 core 
genes [xis or int], the genes responsible for the site-specific integration of ICE’s. Also the ICE genome synteny is out of normal order 
as one gene, orf96, has been transposed to the opposite end of the ICE from its typical location (see blue homology section). 
6. Alternatives to creating/visualising Genome Comparisons with ACT 
Mauve (http://gel.ahabs.wisc.edu/mauve/) is a software program for constructing multiple genome alignments in the 
presence of large-scale evolutionary events such as rearrangement and inversion. Mauve was developed as a multiple 
genome aligner that should require only modest computational resources. It employs algorithmic techniques that scale 
well in the amount of sequence being aligned. For example, a pair of Yersinia pestis genomes can be aligned in under a 
minute, while a group of 9 divergent Enterobacterial genomes can be aligned in a few hours [23]. 
 BRIG (http://brig.sourceforge.net/), or the BLAST Ring Image Generator, is a Java-based tool for visualizing the 
comparison of a reference sequence to a set of query sequences. Results are plotted as a series of rings, each 
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representing a query sequence, which are coloured to indicate the presence of hits to the reference sequence. BRIG is 
flexible and can be used to answer a broad range of comparative questions, depending on the selection of the reference 
and comparison sequences [24]. 
 However, the advantages of using ACT include (i) the flexibility to zoom out to see whole-genome comparisons, (ii) 
the ability to zoom down to DNA and/or protein sequences to examine fine-scale comparisons, and (iii) it is possible to 
add or edit annotations for the genomes being compared. 
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